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Exploration of the unusual properties of the two-dimensional materials silicene and germanene is
a very active research field in recent years. This article therefore reviews the latest developments,
focusing both on the fundamental materials properties and on possible applications.
I. INTRODUCTION
Graphene, a single layer of C atoms closely packed in
a two-dimensional (2D) honeycomb lattice, exhibits in-
triguing electronic properties such as a very high carrier
mobility [1]. The valence and conduction bands form a
Dirac cone at the Fermi energy (zero gap semiconductor)
with the electrons behaving as massless Dirac fermions,
which can be useful in nanoelectronics [2], for example.
However, difficulties in the realization and tuning of a
reasonable band gap currently are shifting interest from
graphene to other 2D materials, such as h-BN [3–5], tran-
sition metal dichalcogenides [6–9], silicene [2, 10–15], ger-
manene [16–19], and silica [20]. Being composed of the
group-IV elements Si and Ge, silicene and germanene im-
mediately come into mind as alternatives to graphene.
Silicene has been predicted theoretically by Takeda and
Shiraishi in 1994 [21], re-investigated by Guzma´n-Verri
and co-workers in 2007 [22], and confirmed to be stable
by Cahangirov and co-workers in 2009 [23]. Subsequently
various groups have grown it on different Ag surfaces
[12, 13, 24] and other metallic substrates.
Density functional theory has been employed in order
to understand the structural and electronic properties of
silicene on a series of metallic and semiconducting sub-
strates [25–30]. It predicts for pristine silicene a Dirac
cone with pi and pi∗ bands crossing at the K/K′-points of
the Brillouin zone [31]. Stability has been demonstrated
even under high tensile strain of 17-20% [32, 34, 35]. An
external electric field can be used to open a tunable band
gap [36, 37] and combination with the strong spin orbit
coupling leads to novel phases that are interesting for
spintronics devices [38–40]. A sizable band gap can be
achieved by hydrogenation [41–43], oxidation [44], and
chlorination [42] as well as by molecule absorption [45].
Moreover, the electronic structure shows strong modifica-
tions under Li, Na, K, Rb, and Cs decoration [46]. Heavy
metals (including Au, Hg, Tl, and Pb) can enhance the
spin orbit coupling [47] and new electronic phases have
been found for transition metal decoration [48–50], such
as the quantum anomalous Hall state in the case of Co-
decoration [51]. Of particular interest are likewise the
optical properties. For example, the infrared absorbance
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shows a universal behaviour for all group-IV elements [52]
and many-body effects become important [53]. Both sil-
icene and germanene reveal distinct excitonic resonances,
which are promising from the application point of view,
particularly after functionalization with H [54].
Similar to silicene, pristine germanene is predicted to
realize a corrugated structure [23] and to remain stable
under high strain [55–58]. Halogenated germanene has a
substantial band gap [59], which can be further widened
by an external electric field [60, 61], and it has been pre-
dicted that also a room temperature 2D topological phase
can be achieved by functionalization [62]. Absorption
of alkali, alkali-earth, group-III, and 3d transition metal
atoms can lead to metallic, half-metallic, and semicon-
ducting states [63, 64]. Quantum spin Hall [65, 66], quan-
tum anomalous Hall [63, 67], and quantum spin/valley ef-
fects [68] have been predicted theoretically. In addition,
giant magnetoresistance [69] and a large thermoelectric
figure of merit (up to 2.5) at room temperature [70] are
expected. Germanene has been synthesized on Al(111)
and Au(111) substrates [18, 19]. By interaction with Ag
and h-BN substrates the Dirac cone will disappear [71],
while the coupling to GaAs(0001) can be significantly re-
duced by H intercalation [16]. Graphene also has been
put forward as potential substrate [55]. Hydrogenated
multilayer germanene experimentally shows a band gap
of 1.55 eV [72].
Basic material parameters of graphene, silicene, and
germanene are compared in Table I. The buckling is de-
fined as the maximal perpendicular distance of atoms
and increases from C to Si to Ge, while the cohesive en-
ergy decreases. We note that MoS2-like and dumbbell
structures of 2D Si and Ge have been found to be en-
ergetically favorable over graphene-like slightly buckled
structures [73, 74]. In the following we address significant
theoretical and experimental developments and insights
in the physics and chemistry of silicene and germanene,
reported mainly in the last two years.
II. SILICENE
A. Vibrational and electronic properties
In pristine silicene the spin orbit coupling results in a
band gap of 2.0 meV, see Fig. 1, which is larger than in
graphene but smaller than in germanene and tinene [33].
The band gap shrinks under biaxial tensile strain [34]. In
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2Lattice constant (A˚) Bond length (A˚) Buckling (A˚) Band gap (meV) Cohesive energy (eV/atom)
graphene 2.45-2.47 [77, 78] 1.41-1.43 [77, 78] 0 [75] 0 [75] 7.37-7.81 [80]
silicene 3.86-3.91 [10, 15, 76] 2.22-2.26 [10, 15] 0.45-0.48 [10, 23, 76] 1.55-2.00 [28, 36, 37] 4.69-5.06 [81]
germanene 4.06-4.10 [79, 124] 2.41-2.45 [79, 124] 0.66-0.68 [16, 23, 124] 24-25 [66, 82] 3.09 [80]
TABLE I: Material parameters of graphene, silicene, and germanene.
FIG. 1: Band structures of (a) graphene, (b) silicene, (c)
germanene, and (d) tinene obtained without (black lines) and
with (red lines) spin orbit coupling (courtesy of Ref. [33]).
addition, up to a strain of more than 5% the Dirac cone is
located at the Fermi energy, whereas afterwards hole dop-
ing is introduced. At 10% strain, for example, the Dirac
point is located 0.18 eV above the Fermi energy. Compar-
ison of the phonon spectra of silicene without strain and
under 10% strain in Fig. 2 shows that the frequencies of
the G and D modes are strongly reduced. However, only
at large strain above 20% the lattice becomes instable.
In Ref. [83] the authors have demonstrated an anomalous
thermal response under uniaxial tensile strain, very dif-
ferent to graphene. The thermal conductivity increases
monotonically, which is also true for nanoribbons, while
the group velocities of the out-of-plane phonons are sup-
pressed.
A quantum point contact of silicene has been put for-
ward as high efficiency spin filter with quantized conduc-
tance [84]. In Fig. 3 the spin polarization is shown as a
function of the effective chemical potential µ0. For posi-
tive µ0 < 0.1 eV the current flows within the conduction
band of the left valley with 98% spin down polarization,
while for negative µ0 > −0.1 eV the current flows within
the valence band of the right valley with 98% spin up
polarization. By changing the effective chemical poten-
tial µ0 by means of a gate, the spin polarization can be
reversed. The authors have also demonstrated that a
transition from an indirect gap semiconductor to a zero
gap state can be achieved by a Zeeman field.
An external perpendicular electric field Ez applied to
silicene breaks the sublattice symmetry due to different
FIG. 2: Phonon spectrum of silicene (a) without strain and
(b) under 10% biaxial tensile strain (courtesy of Ref. [34]).
FIG. 3: Spin polarization versus effective chemical potential
(courtesy of Ref. [84]).
onsite energies, thus opening a band gap ∆ at the K/K′-
points. This is not possible in graphene, because the two
sublattices lie in one plane. The variation of the band gap
as a function of Ez has been calculated in Ref. [36] using
the local density approximation and generalized gradi-
ent approximation. However, the spin orbit coupling has
not been included in these calculations though it plays a
key role in the vicinity of the K/K′-points. In particular,
it leads to the creation of massive Dirac particles and
significantly modifies the Fermi velocity [33]. Quantum
transport calculations for a dual-gated silicene field effect
transistor, see Fig. 4(a) for a schematic view, accordingly
3FIG. 4: Dual-gated silicene field effect transistor: (a)
schematic view, (b) transmission spectrum, (c) projected den-
sity of states and (d) transmission eigenstates for the OFF and
ON states (courtesy of Ref. [37]).
find under Ez a transport gap [37]. As compared to a
single-gated field effect transistor, here both the doping
level and Ez can be controlled. Since a h-BN trilayer re-
mains semiconducting upto Ez = 1.0 V/A˚, it can be uti-
lized as buffer to prevent tunneling between the silicene
sheet and gate. The effect of Ez on the transmission co-
efficient and projected density of states is addressed in
Fig. 4(b,c). A transport gap of 0.14 eV for Ez = 1.0 eV
indicates a strong dependence on the electric field. The
transmission eigenstates are shown in Fig. 4(d). Eigen-
values of 0.09 for the OFF state and 0.87 for the ON state
are obtained, reflecting a remarkable OFF/ON ratio.
The strong spin orbit coupling in silicene, as compared
to graphene, combined with an external electric field can
give rise to special phase transitions [28]. While we have
a topologically nontrivial insulator for Ez = 0 meV, spin
splitting evolves and the band gap thus starts to shrink
when Ez is switched on. The band gap closes for Ez = 3.6
meV and grows again in an almost linear manner when
Ez is further enhanced, giving rise to a band insulator.
These effects could not be observed in Refs. [36, 37], be-
cause the spin orbit coupling was not taken into account.
B. Interaction with substrates
Silicene can be grown on Ag(111) [12, 13, 24], but the-
ory predicts that the Dirac cone will disappear [85]. The
band structure becomes complicated with the states at
the Fermi energy clearly not being due to the Si 3pz or-
bitals. Instead, there is strong hybridization between the
Si and Ag orbitals, which explains why the electronic be-
FIG. 5: Band structures of (a) pristine silicene, (b) silicene
on h-BN, (c) silicene on Si-SiC(0001), and (d) silicene on C-
SiC(0001). The red lines highlight the pi and pi∗ bands (cour-
tesy of Ref. [29]).
haviour changes fundamentally. This picture has been
confirmed experimentally in Ref. [86]. For overcoming
the hybridization issue and keeping the Dirac cone in-
tact, the interaction with the substrate has to be re-
duced. This can be achieved by semiconducting sub-
strates, which are also promising for device applications
similar to those already demonstrated for graphene on
h-BN and SiC(0001) [87–94].
The structural and electronic properties of superlat-
tices of silicene and h-BN have been addressed in Ref.
[28]. By the large band gap of h-BN, it is not expected
that B or N states appear in the vicinity of the Fermi
energy. Indeed, a cone with a 1.6 meV band gap (as
a consequence of the spin orbit coupling) is observed,
which traces back to the Si 3pz orbitals and is slightly
hole doped due to a small charge transfer towards the
substrate. Some results for SiC(0001) and h-BN sub-
strates are summarized in Table II. It is found that sil-
icene behaves as a free-standing sheet with a distance
of 3.0 A˚ to the substrate. The cohesive energy is less
than 90 meV per Si atom. Moreover, the Dirac point re-
mains at the Fermi energy on H-passivated Si-SiC(0001),
see Fig. 5, whereas on H-passivated C-SiC(0001) metal-
licity is induced by charge transfer towards the silicene
sheet. This effect is understood in terms of the work func-
tion, since the valence band maximum of H-passivated
C-SiC(0001) lies above that of silicene. Stability of sil-
icene also has been predicted on Cl-passivated Si(111) as
well as on CaF2(111) [95]. Interestingly, Ca-intercalation
of multilayer silicene results in a Dirac cone (shifted sub-
stantially in energy due to charge transfer from the Ca
atoms), which gives rise to a promising alternative from
the preparation point of view [96].
Silicene on MoS2 substrate shows a Dirac cone with a
70 meV band gap (much larger than graphene on MoS2)
and therefore is interesting for electronic devices [97].
In the energetically favorable structure one Si sublat-
tice is located above S atoms and the other one above
hollow sites of MoS2. The binding energy of 120 meV
per Si atom is close to that of silicene on GaS (126
4Silicene cell Substrate Cell Lattice mismatch (%) Si-Si bond length (A˚) Binding energy (meV/atom)
silicene/h-BN 4× 4× 1 6× 6× 1 2.0 2.27-2.28 89
silicene/Si-SiC(0001) 4× 4× 1 5× 5× 1 0.1 2.27-2.28 67
silicene/C-SiC(0001) 4× 4× 1 5× 5× 1 0.1 2.27-2.28 84
TABLE II: Silicene on h-BN, Si-SiC(0001), and C-SiC(0001) substrates (courtesy of Ref. [29]).
FIG. 6: Schematic fabrication process of a silicene field effect
transistor (courtesy of Ref. [104]).
meV) [98] but significantly larger than reported for h-
BN and SiC(0001), see Table II. The carrier density, ef-
fective mass, and mobility are hardly influenced by the
presence of MoS2 [8, 9, 99–101]. Accordingly, the bands
at the Fermi energy have pi and pi∗ character. Si has
been deposited on MoS2 by molecular beam epitaxial
growth and the local structural and electronic proper-
ties have been investigated by scanning tunneling mi-
croscopy and spectroscopy [102]. The experiments show
2D domains of Si with hexagonal atomic arrangement
but unexpected electronic character, which can be in-
terpreted as a new allotropic form of Si. We note that
the interaction of silicene with semiconducting substrates
also can be quite substantial, e.g., metallic or magnetic
states can be achieved [103]. For AlAs(111), AlP(111),
and GaAs(111) the surface magnetism of the substrate is
suppressed when silicene is attached, while for GaP(111)
and ZnSe(111) it is enhanced.
A silicene field effect transistor with room tempera-
ture mobility of about 100 cm2V−1s−1 has been demon-
strated in Ref. [104]. The fabrication process resulting in
a silicene channel with Ag electrodes is shown in Fig. 6.
After epitaxial growth of silicene on Ag(111), an Al2O3
capping layer is applied in situ, the structure is detached
from the mica substrate, turned over, and transferred
onto a SiO2 substrate. Then an etch-back approach is
used to define the source and drain contacts in the Ag
film. In the region where the Ag has been removed sil-
icene is only in contact with semiconducting Al2O3 (weak
interaction). Electrical measurements at room tempera-
ture demonstrate a transport behaviour similar to that
of graphene. A linear dependence of the drain current on
the drain voltage confirms an Ohmic contact. The fact
that the silicene channel loses its Raman and electrical
signatures while exposed to air is likely to reflect degra-
dation to an amorphous insulator and indicates that the
observed characteristics indeed are due to the silicene
channel.
FIG. 7: Scanning tunneling microscopy images of silicene on
ZrB2(0001): (a) Large-scale and (b) zoomed view (courtesy
of Ref. [11]).
Epitaxial growth of silicene on ZrB2(0001) has been
reported in Ref. [11]. Fig. 7(a) shows a large-scale image
from scanning tunneling microscopy with domain bound-
aries running along the 〈112¯0〉 direction. The zoom in
Fig. 7(b) highlights the honeycomb geometry with a lat-
tice constant of 3.65 A˚. The buckling is enhanced and
loses its regularity due to strong interaction with the sub-
strate, resulting in a large band gap of 250 meV, while
the Si-Si bond length is maintained. Silicene on Ir(111)
after annealing at 670 K forms a
√
7 × √7 superstruc-
ture with respect to the substrate, as determined by low
energy electron diffraction [14].
C. Functionalization
Tuning of the band gap can be achieved by function-
alization [41, 105–107], similar to graphene [108–113].
Note that in this respect theoretical results obtained for
free-standing silicene will also apply in the presence of a
weakly interacting substrate. A sizable band gap without
disturbing the electronic characteristics of silicene is par-
ticularly fruitful for field effect transistors [104]. The au-
thors of Ref. [46] have proposed that this goal is achieved
by decoration with Li, Na, K, Rb, and Cs atoms (growing
charge transfer along the series). The binding energy is
found to decrease for increasing coverage due to dopant-
dopant interaction.
5Adsorption of small organic molecules is also a very
efficient way to modify the band gap [45]. The molecules
induce a perpendicular electric field, which breaks the
sublattice symmetry and thus opens a band gap [114].
The adsorption energy varies from 110 meV for acetone
to 905 meV for toluene, see Fig. 8(left). These values are
higher than found for the adsorption of similar molecules
on graphene [115], which indicates that silicene is a good
host. Band gaps between 6 meV (acetonitrile) and 350
meV (acetone) have been reported as well as mobilities
even higher than in graphene, which is important for elec-
tronic devices. The charge transfer from/to the adsorbed
molecule, see Fig. 8(right), is essentially proportional to
the size of the band gap. The effect of H, CH3, OH,
and F decoration on the electronic properties of mono-
layer and bilayer silicene has been studied in Ref. [116].
As compared to graphene, the bonds with Si atoms are
substantially weaker, the strongest being the Si-F bond
with a binding energy of 4.99 eV per atom. H and CH3
attached to monolayer silicene provide optical band gaps
of 3.2 eV, while OH and F result in metallicity. F also
strongly modifies the electronic structure of bilayer sil-
icene and yields a large band gap of 3.0 eV, whereas for
the other adsorbants band gaps between 0.1 eV and 0.6
eV are found.
A rich phase diagram of silicene (and analogously of
germanene) in the presence of exchange and perpendicu-
lar electric fields results already from a simplified model
Hamiltonian, comprising quantum spin Hall, quantum
anomalous Hall, band insulating, and valley-polarized
metallic phases [117]. The quantum spin Hall state has
been confirmed by calculating the Z2 topological invari-
ant from the first principles electronic band structure of
silicene [118] and by a tight-binding approach for ger-
manene nanoribbons [119]. A quantum anomalous Hall
state has been described theoretically for Co-decorated
silicene [120], while for other transition metals (Ti, V,
FIG. 8: Band gap as a function of the (left) binding energy
and (right) charge transfer for (a) acetone, (b) acetonitrile,
(c) ammonia, (d) benzene, (e) methane, (f) methanol, (g)
ethanol, and (h) toluene adsorption on silicene (courtesy of
Ref. [45]).
Cr, Mn, and Fe) the state is prohibited by pertubations
of the Dirac cone. In addition, it has been demonstrated
that only for a sufficiently low Co coverage the quantum
anomalous Hall state is realized. For larger Co coverage
the Co-Co interaction modifies the shape of the electronic
bands strongly in the vicinity of the Fermi energy. In con-
trast to Ref. [120], topologically non-trivial states have
been predicted for V-decorated silicene in Ref. [50], but
only if an onsite Coulomb interaction is taken into ac-
count. The quantum anomalous Hall state is prohibited
in the case of Ti, Cr, and Mn decoration by hybridization
between the Si 3pz and transition metal 3d states.
III. GERMANENE
Semiconducting GaAs(0001) interacts strongly with
germanene, forming bonds with a binding energy of 568
meV per Ge atom, while on H-passivated GaAs(0001) the
interaction is reduced to 69 meV per Ge atom [16]. This
value comes close to the experimental binding energy of
graphene sheets in graphite [121]. According to Fig. 9,
the electronic bands are forming hole pockets at the Γ-
point (due to Ga and As states), while a split Dirac cone
(energy gap of 175 meV, as a consequence of the broken
sublattice symmetry) appears above the Fermi energy.
Application of an appropriate voltage can bring it back
to the Fermi energy to induce a semiconducting state.
It has been shown that germanene can be grown on
Au(111) with a binding energy of 110 meV per Ge atom
[18]. Since this value is lower than the binding energy
in bulk Ge, formation of Ge clusters is to be expected.
Moreover, ab-initio simulations point to a honeycomb lat-
tice with weak corrugations. Single phase growth of ger-
manene has been reported on Al(111) [19]. The energet-
ics and electronic structure suggest that graphene also
can be used as substrate [122]. The interaction is weak
and a band gap of 57 meV is realized, which is more than
twice that of the pristine material (24 meV). Germanene
on ZnSe(0001) shows an indirect band gap of 400 meV,
whereas a charge transfer analysis points to only weak in-
FIG. 9: Band structure of germanene on GaAs(0001) with
partial densities of states (courtesy of Ref. [16]).
6teraction [123]. An electric field of Ez = 0.6 V/A˚ results
in transition to a direct band gap.
Concerning metallic substrates, germanene has been
claimed to be achieved on Pt(111) by deposition of Ge
atoms with subsequent annealing [124, 125]. Low energy
electron diffraction and scanning tunneling microscopy
measurements have been interpreted in terms of com-
mensurability with a
√
19×√19 pattern. These findings
have been disputed by Sˇvec and co-workers, who rule
out the formation of silicene or germanene on transition
metal surfaces [126]. Based on various experimental and
theoretical techniques, their comprehensive study instead
points to the formation of an ordered 2D surface alloy.
On the other hand, deposition of Pt on Ge(110) followed
by annealing at 1100 K results in three-dimensional Pt-
Ge nanocrystals [125]. Interestingly, the outermost layer
of these crystals possesses a honeycomb structure, con-
sisting of two hexagonal sublattices displaced by about
0.2 A˚ with respect to each other. The nearest neighbor
distance of 2.5 A˚ agrees well with the Ge-Ge bond length
in pristine germanene.
Alkali metal atoms are found to be strongly bound on
germanene and capable of engineering a band gap of 20
meV to 310 meV [127]. The observed large carrier mobil-
ity has been put forward for high speed field effect tran-
sistors. The structural and electronic properties induced
by alkali, alkaline-earth, group-III, and transition metal
atoms adsorbed on germanene have been studied in Ref.
[128]. Alkali metals (Li, Na, and K) become ionized and
lead to metallicity, while alkali-earth metals (Be, Mg, and
Ca) result in a mixed ionic/covalent bonding and a semi-
conducting state. For group-III atoms (Al, Ga, and In)
the interaction is enhanced (mixed ionic/covalent bond-
ing) and transition metals (Ti, V, Cr, Fe, Co, and Ni)
finally result in large distortions of the germanene sheet,
where metallic, half-metallic, and semiconducting states
can be realized. The effect of Mn decoration has been
investigated in Ref. [63] as a function of the coverage.
IV. SUMMARY
Substantial progress has been achieved towards appli-
cations of silicene and germanene. Silicene nowadays can
be grown on different Ag surfaces, Ir(111), MoS2, and
ZrB2(0001). Energetical stability also has been predicted
on h-BN, H-passivated C-SiC(0001) and Si-SiC(0001),
Cl-passivated Si(111), CaF2, AlAs(111), AlP(111),
GaAs(111), GaP(111), ZnSe(111), and ZnS(111). Partic-
ularly the semiconducting substrates are of technological
interest, because the interaction with silicene is reduced
and the Dirac states consequently are maintained, even
though a sizable band gap may develop. In the cases of h-
BN and H-passivated Si-SiC(0001) the effects of the inter-
action are close to negligible so that quasi-free-standing
silicene may be realized. Band gap control is achieved by
external electric fields and decoration with alkali, alkali-
earth, and transition metal atoms. According to theo-
retical predictions, the decoration approach furthermore
provides access to a multitude of exotic phases. Ger-
manene has been grown on Al(111) and Au(111), and
the possibility of growth on GaAs(0001), graphene, and
ZnSe(0001) has been put forward. Again the band gap
is susceptible to engineering approaches based on atomic
decoration.
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